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Probing Initial Conditions @ RHIC
•Initial conditions due to Initial conditions due to Initial conditions due to Initial conditions due to semisemisemisemi----hard gluon radiationhard gluon radiationhard gluon radiationhard gluon radiation....
•Use Use Use Use hardhardhardhard----scattered quarks/gluonsscattered quarks/gluonsscattered quarks/gluonsscattered quarks/gluons to probe early timesto probe early timesto probe early timesto probe early times

– On shell even before the gluons.On shell even before the gluons.On shell even before the gluons.On shell even before the gluons.
– Measure the fragmentation products Measure the fragmentation products Measure the fragmentation products Measure the fragmentation products ⇒⇒⇒⇒ highhighhighhigh----ppppTTTT hadronshadronshadronshadrons
– Above Above Above Above ppppTTTT = 2 GeV/c, hard production expected to dominate.= 2 GeV/c, hard production expected to dominate.= 2 GeV/c, hard production expected to dominate.= 2 GeV/c, hard production expected to dominate.



AAAA----A Hard Interaction PhenomenologyA Hard Interaction PhenomenologyA Hard Interaction PhenomenologyA Hard Interaction Phenomenology
•Assume (for moment) same Assume (for moment) same Assume (for moment) same Assume (for moment) same parton parton parton parton 

distributions in nucleon and (Au) nucleus.distributions in nucleon and (Au) nucleus.distributions in nucleon and (Au) nucleus.distributions in nucleon and (Au) nucleus.
•Consider differential area Consider differential area Consider differential area Consider differential area dAdAdAdA

in transverse plane of the collision.in transverse plane of the collision.in transverse plane of the collision.in transverse plane of the collision.
•η1/2 ≡≡≡≡ (area) (area) (area) (area) density of nucleons in density of nucleons in density of nucleons in density of nucleons in dAdAdAdA, , , , 
•# nucleon# nucleon# nucleon# nucleon----nucleon collisions (Nnucleon collisions (Nnucleon collisions (Nnucleon collisions (Nnnnnnnnn) in ) in ) in ) in dAdAdAdA

–

•# hard collisions (N# hard collisions (N# hard collisions (N# hard collisions (Nhardhardhardhard) in ) in ) in ) in dAdAdAdA
–

•After integrating over After integrating over After integrating over After integrating over dA, dA, dA, dA, 
–

– Obtain Obtain Obtain Obtain NNNNnnnnnnnn

nnnn dAdN σσσσηηηηηηηη 21====





========

nn

hard
nn

nn
hard
nnhard dNdAdN σσσσ

σσσσσσσσηηηηηηηη 21

(((( ))))nn
hard
nnnnhard NN σσσσσσσσ /====

NeglectsNeglectsNeglectsNeglects
•Cronin effect (+)
•Shadowing (-) /EMC (+/-)
•“Gluon saturation” (-)
•“Collective” effects (+ ?)
•Medium induced radiation (-)
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PPPPioneering ioneering ioneering ioneering HHHHighighighigh ENENENENergyergyergyergy IIIIon on on on eeeeXXXXperimentperimentperimentperiment

11 Countries
51 Institutions
400+ Collaborators



PHENIX Experiment @ RHICPHENIX Experiment @ RHICPHENIX Experiment @ RHICPHENIX Experiment @ RHIC
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PHENIX RunPHENIX RunPHENIX RunPHENIX Run----1 Operation1 Operation1 Operation1 Operation
•RHIC operationRHIC operationRHIC operationRHIC operation

– Au+Au @ Au+Au @ Au+Au @ Au+Au @ √√√√SSSSNNNNNNNN = = = = 130 GeV130 GeV130 GeV130 GeV
– Attained Attained Attained Attained ≈≈≈≈ 10% of design 10% of design 10% of design 10% of design LLLL

•PHENIX operationPHENIX operationPHENIX operationPHENIX operation
– ~ ½ central arms active~ ½ central arms active~ ½ central arms active~ ½ central arms active
– BeamBeamBeamBeam----beam triggerbeam triggerbeam triggerbeam trigger

! Accepts 92 Accepts 92 Accepts 92 Accepts 92 ±±±± 4% of 4% of 4% of 4% of σσσσhadrhadrhadrhadr

! 3.2 million events recorded3.2 million events recorded3.2 million events recorded3.2 million events recorded
! ≈≈≈≈ ½½½½ with with with with ∆∆∆∆ zzzz ≤≤≤≤ 20 cm 20 cm 20 cm 20 cm 



Event CharacterizationEvent CharacterizationEvent CharacterizationEvent Characterization

•Collision Collision Collision Collision impact parameterimpact parameterimpact parameterimpact parameter
determines “everything”determines “everything”determines “everything”determines “everything”
– Nuclear overlapNuclear overlapNuclear overlapNuclear overlap
– # participant nucleons (# participant nucleons (# participant nucleons (# participant nucleons (NNNNpartpartpartpart))))
– # nucleon# nucleon# nucleon# nucleon----nucleon collisions (nucleon collisions (nucleon collisions (nucleon collisions (NNNNnnnnnnnn))))

•Plot EPlot EPlot EPlot EZDC ZDC ZDC ZDC vs vs vs vs QQQQBBCBBCBBCBBC
– Follow the “ridge”Follow the “ridge”Follow the “ridge”Follow the “ridge”

•Classify by fraction of Classify by fraction of Classify by fraction of Classify by fraction of σσσσhadrhadrhadrhadr
– e.g. 0e.g. 0e.g. 0e.g. 0----5% 5% 5% 5% ⇒⇒⇒⇒ 5% of 5% of 5% of 5% of σσσσhadrhadrhadrhadr with  with  with  with  

smallest impact smallest impact smallest impact smallest impact param’sparam’sparam’sparam’s

•To determine <To determine <To determine <To determine <NNNNnnnnnnnn>>>>
– Relate Relate Relate Relate QQQQBBCBBCBBCBBC to to to to NNNNpartpartpartpart

– Use nuclear geometry to relate   Use nuclear geometry to relate   Use nuclear geometry to relate   Use nuclear geometry to relate   
# participants to # participants to # participants to # participants to NNNNnnnnnnnn

Spectators



Hadron Identification in PHENIXHadron Identification in PHENIXHadron Identification in PHENIXHadron Identification in PHENIX
•ππππ0000 →→→→ γγγγγγγγreconstruction with reconstruction with reconstruction with reconstruction with 

electromagnetic calorimeter.electromagnetic calorimeter.electromagnetic calorimeter.electromagnetic calorimeter.
– Statistical identification in AStatistical identification in AStatistical identification in AStatistical identification in A----A.A.A.A.
– S/B increases with S/B increases with S/B increases with S/B increases with ppppTTTT....

– ππππ0000 identification for p < 20 GeV/c. 
– EMCal EMCal EMCal EMCal energy scale error < 1.5%.energy scale error < 1.5%.energy scale error < 1.5%.energy scale error < 1.5%.

•Charged particle trackingCharged particle trackingCharged particle trackingCharged particle tracking
– δδδδp/p = 0.6% p/p = 0.6% p/p = 0.6% p/p = 0.6% ⊕⊕⊕⊕ 3.6% p.3.6% p.3.6% p.3.6% p.

•ππππ±±±±, K, K, K, K±±±±, p, p, p, p, p, p, p, p----bar via timebar via timebar via timebar via time----ofofofof----flightflightflightflight
– σσσσTOF  TOF  TOF  TOF  ≈≈≈≈ 115 115 115 115 pspspsps over ~ 5m path.over ~ 5m path.over ~ 5m path.over ~ 5m path.
⇒ ππππ identification for identification for identification for identification for pppp ≤≤≤≤ 2.5 GeV/c.2.5 GeV/c.2.5 GeV/c.2.5 GeV/c.
⇒ p/pp/pp/pp/p----bar identification. for bar identification. for bar identification. for bar identification. for pppp ≤≤≤≤ 4 GeV/c. 4 GeV/c. 4 GeV/c. 4 GeV/c. 
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HighHighHighHigh----ppppTTTT Hadron ProductionHadron ProductionHadron ProductionHadron Production
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First published  First published  First published  First published  
highhighhighhigh----ppppTTTT data @ RHICdata @ RHICdata @ RHICdata @ RHIC
•PeripheralPeripheralPeripheralPeripheral

– 60606060----80% 80% 80% 80% 
– <<<<NNNNnnnnnnnn> = 20 > = 20 > = 20 > = 20 ±±±± 6666

•Central Central Central Central 
– 0000----10%10%10%10%
– <<<<NNNNnnnnnnnn> = 905 > = 905 > = 905 > = 905 ±±±± 96969696

•Consistency check Consistency check Consistency check Consistency check 
on on on on ππππ0000 data.data.data.data.
•Compare with Compare with Compare with Compare with NNNNnnnnnnnn
scaling of p(bar)scaling of p(bar)scaling of p(bar)scaling of p(bar)----p:p:p:p:

K. Adcox et al., Phys. Rev. Lett. 88:022301, 2002



“Suppression” at High“Suppression” at High“Suppression” at High“Suppression” at High----ppppTTTT

•Nuclear modification factorNuclear modification factorNuclear modification factorNuclear modification factor

•RRRRAAAAAAAA << 1 for << 1 for << 1 for << 1 for ppppTTTT < 1< 1< 1< 1
⇒ soft productionsoft productionsoft productionsoft production

•For For For For ppppTTTT > 2 GeV/c> 2 GeV/c> 2 GeV/c> 2 GeV/c
– Hadron RHadron RHadron RHadron RAAAAAAAA →→→→ 0.60.60.60.6
– ππππ0 0 0 0 RRRRAAAAAAAA →→→→ 0.40.40.40.4

•Systematic errors includeSystematic errors includeSystematic errors includeSystematic errors include
– Normalization Normalization Normalization Normalization 
– Uncertainty on Uncertainty on Uncertainty on Uncertainty on NNNNnnnnnnnn

– p(bar)p(bar)p(bar)p(bar)----p interpolation to 130 GeVp interpolation to 130 GeVp interpolation to 130 GeVp interpolation to 130 GeV
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Suppression: Another ApproachSuppression: Another ApproachSuppression: Another ApproachSuppression: Another Approach

•Define ratio (R’)Define ratio (R’)Define ratio (R’)Define ratio (R’)

•Similar observations Similar observations Similar observations Similar observations 
as above:as above:as above:as above:
– Even within AuEven within AuEven within AuEven within Au----Au Au Au Au 

data, data, data, data, highhighhighhigh----ppppTTTT yields yields yields yields 
don’t scale with don’t scale with don’t scale with don’t scale with NNNNnnnnnnnn

– Larger deviation for Larger deviation for Larger deviation for Larger deviation for ππππ0000

– Also more significant.Also more significant.Also more significant.Also more significant.

•Compare peripheral and central Au+Au dataCompare peripheral and central Au+Au dataCompare peripheral and central Au+Au dataCompare peripheral and central Au+Au data
–DifferentDifferentDifferentDifferent systematicssystematicssystematicssystematics than above comparison to p(bar)than above comparison to p(bar)than above comparison to p(bar)than above comparison to p(bar)----p.p.p.p.
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Hadron Composition at HighHadron Composition at HighHadron Composition at HighHadron Composition at High----ppppTTTT

•Look at hadron Look at hadron Look at hadron Look at hadron 
composition.composition.composition.composition.

•Observe Observe Observe Observe 
– ππππ±±±±, , , , ππππ0000 consistentconsistentconsistentconsistent
– Large p & pLarge p & pLarge p & pLarge p & p----bar bar bar bar 

contribution.contribution.contribution.contribution.
– p(bar) yield > p(bar) yield > p(bar) yield > p(bar) yield > ππππ

@ @ @ @ ppppTTTT > 2 GeV/c.> 2 GeV/c.> 2 GeV/c.> 2 GeV/c.
•High High High High ppppTTTT p(bar)’s p(bar)’s p(bar)’s p(bar)’s 

thought to be from thought to be from thought to be from thought to be from 
nonnonnonnon----pert. sources.pert. sources.pert. sources.pert. sources.
– “Background” to “Background” to “Background” to “Background” to 

the hard physics.the hard physics.the hard physics.the hard physics.

•Why the •Why the •Why the •Why the difference between difference between difference between difference between hadrons and hadrons and hadrons and hadrons and ππππ0000’’’’ssss ????



Chg’dChg’dChg’dChg’d Hadrons Hadrons Hadrons Hadrons -------- Centrality Dependence Centrality Dependence Centrality Dependence Centrality Dependence 
•In peripheral collisions RIn peripheral collisions RIn peripheral collisions RIn peripheral collisions RAA AA AA AA →→→→ 1 (where is the Cronin effect?)1 (where is the Cronin effect?)1 (where is the Cronin effect?)1 (where is the Cronin effect?)
•In more central collisions In more central collisions In more central collisions In more central collisions RRRRAA AA AA AA ≈≈≈≈ constant for constant for constant for constant for ppppTTTT > 2 GeV/c.> 2 GeV/c.> 2 GeV/c.> 2 GeV/c.

– RRRRAA AA AA AA →→→→ ≈≈≈≈ 0.6 (consistent with values above) 0.6 (consistent with values above) 0.6 (consistent with values above) 0.6 (consistent with values above) 
•Change in behavior in 30Change in behavior in 30Change in behavior in 30Change in behavior in 30----60% centrality bin ?60% centrality bin ?60% centrality bin ?60% centrality bin ?

PHENIX Preliminary

PHENIX 
Preliminary



Why Suppression at HighWhy Suppression at HighWhy Suppression at HighWhy Suppression at High----ppppTTTT ????
•One One One One possibilitypossibilitypossibilitypossibility: medium: medium: medium: medium----

induced gluon radiationinduced gluon radiationinduced gluon radiationinduced gluon radiation
– Coherent multiple scattering Coherent multiple scattering Coherent multiple scattering Coherent multiple scattering 

of outgoing q/g of outgoing q/g of outgoing q/g of outgoing q/g 
! larger larger larger larger kkkkTTTT gluons radiated.gluons radiated.gluons radiated.gluons radiated.

– Reduces outgoing q/g energy.Reduces outgoing q/g energy.Reduces outgoing q/g energy.Reduces outgoing q/g energy.
– Reduces Reduces Reduces Reduces momenta momenta momenta momenta of of of of fragfragfragfrag. . . . 

products products products products –––– highhighhighhigh----ppppTTTT hadronshadronshadronshadrons....

•E.g. E.g. E.g. E.g. GyulassyGyulassyGyulassyGyulassy, , , , LevaiLevaiLevaiLevai, , , , VitevVitevVitevVitev
– Perturbative QCD calculationPerturbative QCD calculationPerturbative QCD calculationPerturbative QCD calculation

! LO + KLO + KLO + KLO + KTTTT (w/ A dep.) + shadowing(w/ A dep.) + shadowing(w/ A dep.) + shadowing(w/ A dep.) + shadowing

– And calculation of gluon And calculation of gluon And calculation of gluon And calculation of gluon 
radiation for modest L/radiation for modest L/radiation for modest L/radiation for modest L/λλλλ. . . . 
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Not so fast …Not so fast …Not so fast …Not so fast …
•∃∃∃∃ other possible reasons for highother possible reasons for highother possible reasons for highother possible reasons for high----ppppTTTT suppression.suppression.suppression.suppression.

– Shadowing.Shadowing.Shadowing.Shadowing.
! We should be in a safe x range We should be in a safe x range We should be in a safe x range We should be in a safe x range –––– x > 2 x > 2 x > 2 x > 2 ppppTTTT ////√√√√s = 0.06 for s = 0.06 for s = 0.06 for s = 0.06 for ppppTTTT = 4 GeV/c.= 4 GeV/c.= 4 GeV/c.= 4 GeV/c.
! But radial dependence of shadowing/EMC hasn’t been measured.But radial dependence of shadowing/EMC hasn’t been measured.But radial dependence of shadowing/EMC hasn’t been measured.But radial dependence of shadowing/EMC hasn’t been measured.

– Initial state gluon Initial state gluon Initial state gluon Initial state gluon saturationsaturationsaturationsaturation
! Modification of gluon “density” & Modification of gluon “density” & Modification of gluon “density” & Modification of gluon “density” & kkkkTTTT in highly boosted nucleus.in highly boosted nucleus.in highly boosted nucleus.in highly boosted nucleus.

– Other violations of factorization Other violations of factorization Other violations of factorization Other violations of factorization 
! g(x, Qg(x, Qg(x, Qg(x, Q2222) or f(x, Q) or f(x, Q) or f(x, Q) or f(x, Q2222) aren) aren) aren) aren’’’’t what we think they are.t what we think they are.t what we think they are.t what we think they are.

•ExperimentallyExperimentallyExperimentallyExperimentally
– We have ~ 100 increase in statistics from RunWe have ~ 100 increase in statistics from RunWe have ~ 100 increase in statistics from RunWe have ~ 100 increase in statistics from Run----2 (2001).2 (2001).2 (2001).2 (2001).
– We just took highWe just took highWe just took highWe just took high----statistics pstatistics pstatistics pstatistics p----p data set @ p data set @ p data set @ p data set @ √√√√s = 200 GeV.s = 200 GeV.s = 200 GeV.s = 200 GeV.
– We will take dWe will take dWe will take dWe will take d----A data in RunA data in RunA data in RunA data in Run----3 (20023 (20023 (20023 (2002----2003).2003).2003).2003).

•We havenWe havenWe havenWe haven’’’’t t t t ““““discovereddiscovereddiscovereddiscovered”””” anything yet.anything yet.anything yet.anything yet.
– We have & will continue to make careful We have & will continue to make careful We have & will continue to make careful We have & will continue to make careful measurementsmeasurementsmeasurementsmeasurements....



pppp----p Comparison Data p Comparison Data p Comparison Data p Comparison Data 
•Compilation of p(bar)Compilation of p(bar)Compilation of p(bar)Compilation of p(bar)----p p p p 

chargedchargedchargedcharged----hadron data.hadron data.hadron data.hadron data.
•Parameterize by powerParameterize by powerParameterize by powerParameterize by power----

law law law law ppppTTTT dependencedependencedependencedependence
– d2N/dpt

2 = A (p0+pt)-n

•Interpolate to 130 GeVInterpolate to 130 GeVInterpolate to 130 GeVInterpolate to 130 GeV
– PPPP0000 = 1.72 = 1.72 = 1.72 = 1.72 GevGevGevGev/c./c./c./c.
– n = 12.4.n = 12.4.n = 12.4.n = 12.4.
– A = 330 A = 330 A = 330 A = 330 mbmbmbmb....

•Also Also Also Also ππππ/h = 0.63 @ ISR/h = 0.63 @ ISR/h = 0.63 @ ISR/h = 0.63 @ ISR
•Assign 20% systematic Assign 20% systematic Assign 20% systematic Assign 20% systematic 

error on normalization of error on normalization of error on normalization of error on normalization of 
pppp----p p p p d2N/dpt
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